To review the literature on the association between birthweight and body mass index (BMI) and obesity in later life. METHODS: Included in the review were papers appearing in Medline since 1966 and identified using the search terms obesity, body fat, waist, body constitution, birthweight and birth weight. Further papers were identified by examining bibliographies. RESULTS: There is good evidence that there is an association between birthweight and subsequent BMI and overweight in young adults and children, which is linear and positive in some studies and J-or U-shaped in others. The evidence is less strong for middle-aged subjects. Studies that have assessed lean body mass (LBM) and fat body mass have tended to find that birthweight is positively associated with LBM and negatively associated with relative adiposity. This suggests that the association between birthweight and BMI/overweight does not necessarily reflect increased adiposity at higher birthweights. On controlling for current body mass there is fairly consistent evidence of a negative association between birthweight and a central pattern of fat distribution as measured by central:peripheral skinfold ratios. It has been suggested that the prenatal period is a 'critical' period for the development of adiposity, but it is unclear how far associations between birthweight and subsequent body habitus are genetic in origin and how far they result from intrauterine 'programming'. Two lines of evidence would suggest that the association is predominantly genetic. Studies of monozygotic twins have found environmentally determined differences in birthweight to be unrelated to subsequent BMI, and the association between birthweight and BMI is substantially reduced on controlling for parental BMI. However, some evidence of an influence of intrauterine environment on later obesity comes from studies of subjects who were exposed in utero to the effects of diabetes, famine conditions or smoking. CONCLUSIONS: The reasons for the positive association between birthweight and BMI remain unclear. More studies including accurate measurement of body composition are needed to assess how far this relation is accounted for by changes in fat mass or by changes in lean mass. Studies with accurate measures of parental BMI would also be useful in assessing the importance of this confounder.
Introduction
A number of studies have now shown that birthweight is inversely associated with the risk of developing a number of disorders in adult life, including coronary heart disease, 1, 2 hypertension, 3 noninsulin dependent diabetes [4] [5] [6] and syndrome X. 7 Obesity and a central pattern of fat distribution are important risk factors for these disorders. [8] [9] [10] [11] [12] Therefore, the relation between birthweight and subsequent adiposity and fat distribution is of interest as a possible mediator of the relation between birthweight and these disorders. Birthweight is frequently used as an indicator of the conditions experienced prenatally. The 'critical period' hypothesis suggests that the prenatal period is a critical period for the development of obesity, that is, that the environmental conditions experienced in utero may have a life-long effect on the propensity to develop obesity. 13 In general, the assumption is that a higher birthweight is an indication of a more favourable intrauterine environment, although there are some exceptions to this, for example, the foetal macrosomia shown by the infants of diabetic women. A number of studies have examined the association between birthweight and relative weight in later life, but their interpretation is made difficult by several issues. These include different methods of measuring and defining adiposity and obesity, and frequent failure to control for important confounding variables, such as gestational age, socioeconomic status and stage of puberty in some studies of children. With these limitations in mind, this review attempts to answer the following questions:
1. What is the evidence for an association between birthweight and later body mass index (BMI)/overweight? 2. Are these associations with BMI a reflection of changes in fat mass or in lean body mass (LBM)? 3. Is birthweight associated with subsequent fat distribution? 4. Are such associations genetic in origin, or a result of programming by the intrauterine environment? 5. What is the role of the postnatal environment in generating associations between birthweight/intrauterine environment and subsequent body habitus?
We included in this literature review papers appearing in Medline since 1966 and identified using the search terms obesity, body fat, waist, body constitution, birthweight and birth weight. Relevant papers were identified by examination of the abstracts. Further papers were identified by examining bibliographies. Over 400 papers were examined for this review. Table 1 summarizes the main results of the papers included in this review and is organized in descending age of the subjects studied.
Evidence for an association between birthweight and subsequent BMI/overweight
Evidence that size at birth is associated with BMI and risk of overweight in young adulthood has been provided from a number of large well-controlled studies of conscripts to military service. In a study of 165, 109 Swedish men, positive associations were found between birthweight for gestational age or ponderal index (PI) at birth and BMI at age 18 y.
14 Risk of overweight (BMI Z25 kg m
À2
) was positively associated with birthweight in a multivariate analysis controlling for living area and mother's age, educational level and parity F the odds ratio (OR) for overweight among those with a birthweight above the 99th percentile compared to those with a birthweight between the 25th and 50th percentile was 1.67. Those with a birthweight above the 95th percentile had an increased risk of overweight irrespective of whether birth length was also above the 95th percentile, and those with a birthweight below the 5th percentile had reduced risk of overweight irrespective of birth length.
Among 4300 Danish conscripts aged around 20 y, birthweight and length for gestational age were positively associated with adult BMI and risk of obesity (BMI Z30 kg m À2 ), with the prevalence of obesity increasing from 3.5% among those with a birthweight r2500 g to 11.4% among those with a birthweight Z4501 g. 15 In a multivariate analysis allowing for mother's age, marital status and occupation, birthweight for gestational age was positively associated with adult BMI, but birth length was not once birthweight had been allowed for. Israeli subjects born between 1964 and 1971 F in this study 39% of the subjects were female. The prevalence of overweight (BMI Z90th percentile) and severe overweight (BMI Z97th percentile) was significantly positively associated with birthweights above 3000 g in both males and female subjects, independent of ethnic origin, paternal educational level, birth order and area of residence. In multivariate analysis, the OR (95% CI) for overweight for a birthweight Z4500 g vs a birthweight of 3000-3499 g was 2.16 (1.54-3.04) in male, and 2.95 (1.59-3.49) in female subjects. The BMI at age 17 y of low birthweight (o2500 g) infants did not differ from the reference group (birthweight 3000-3499 g).
Two very large studies in the US provide evidence on whether these associations persist into middle age. 18, 19 The
Health Professionals Follow-Up Study had self-reported information on birthweight and current height and weight for 51 829 middle-aged men. 18 Compared to men in the reference birthweight category of 7.0-8.4 lb (3.2-3.8 kg), the OR for being in the highest vs the lowest age-adjusted BMI quintile was 2.08 (1.73-2.50) for men with a birthweight of over 10.0 lb (4.5 kg), and 0.75 (0.66-0.84) for men with a birthweight of 5.5-6.9 lb (2.5-3.1 kg). A similar analysis was performed using data from the Nurses Health Study, which had information on 71 100 women aged 30-55 y and 92 940 women aged 25-42 y. 19 Among women aged 30-55 y, the OR of having a BMI in the highest vs the lowest quintile was 1.62 (95% CI 1.38-1.90) for those with a birthweight 410.0 lb, compared to those with a birthweight of 7.1-8.5 lb. The relation between birthweight category and mean BMI however was U-shaped, the lowest mean BMIs were found among those with birthweights between 5.0 and 7.0 lb and mean BMI increased at birthweights below 5 lb or above 7.0 lb. Fall et al 20 also found a J-or U-shaped relation between birthweight and BMI (P ¼ 0.05) among middle-aged women in Hertfordshire. Parsons et al 21 found a J-shaped relation between birthweight and BMI among 33-year-old adults in the 1958 British birth cohort, although the relation had been linear at 7, 11 and 16 y of age.
Other groups of adults where positive associations between birthweight and subsequent BMI/overweight have been found include young Swedish women, 22 young
American men, 23 50-y-old Swedish men, 5 
59-73-year-old
Influence of birthweight on adiposity I Rogers et al In contrast, a number of studies in a variety of different groups have found birthweight to be unassociated with later BMI or sum of skinfolds (SFs). Groups of adults where no association was found include 541 Mexican-American and non-Hispanic white adults, 34 217 middle-aged men and women in Preston UK 35 and 331 postmenopausal American women 36 and middle-aged Danish men and women. 37 Studies in children where there was no association between birthweight and subsequent BMI or adiposity include one in 237 7-12-y-old American children, 38 and one in 110 9-10-y-old Italian children. 39 However, none of these studies included adjustment for socioeconomic status. In any examination of the relation between size at birth and subsequent obesity, social position will be an important confounding variable. Low birthweight is more common among the offspring of women of lower socioeconomic status, and the prevalence of obesity decreases with increasing socioeconomic status, at least among women in developed countries. 40 As a result, failure to control for social position could obscure a true relation between high birthweight and subsequent obesity. Furthermore, the studies in children were not adjusted for stage of puberty, and in several of the studies birthweight was self-reported. 36, 38, 39 In addition, all of these studies had sample sizes well below 1000 and thus may have lacked statistical power.
In conclusion, a number of very large well-conducted studies have shown an association between birthweight and subsequent BMI or overweight. It seems reasonable to conclude that the association between birthweight and adult relative weight is genuine, at least for young white adults and children. There is more doubt about the association in middle-aged subjects where several studies have shown no association; however, all these studies were fairly small. More data are needed on middle-aged subjects and people from nonwhite ethnic groups.
The relation between birthweight and subsequent relative weight is linear in some studies and J-or U-shaped in others. It is possible that the J-shaped relations result from failure to control for socioeconomic status, as low socioeconomic status is associated both with low birthweight and with obesityFthis is however unlikely to explain the J-shaped relation between birthweight and BMI observed in Indian children. 33 The association of high birthweight with obesity in later life could be seen as running counter to the foetal origins hypothesis, as many of the disorders suggested to be negatively associated with birthweight (hypertension, coronary heart disease, diabetes, etc) are positively associated with obesity. However, in most of these studies obesity has been assessed by BMI, which is a measure of relative heaviness and gives no information on body composition.
Are these associations with BMI a reflection of changes in fat mass or in LBM?
Overall, the studies suggest that birthweight is positively associated with BMI. Since BMI is a measure of relative weight it does not distinguish between LBM and fat body mass. This positive association could be mediated by increases in total adiposity or in central adiposity. However, it is also possible that the positive association between birthweight and BMI could result from increases in LBM rather than adipose tissue. It has been noted that the association between low birthweight and the occurrence of some later disorders is dependent on adjustment for BMI. If LBM was responsible for the positive association between
Influence of birthweight on adiposity I Rogers et al birthweight and adult BMI, then at any given BMI the LBM would be directly proportional to size at birth, while percentage body fat would be inversely proportional to size at birth. This would be consistent with the high risk of CHD, diabetes, hypertension, etc among those who were small at birth but became overweight as adultsFthe association with low birthweight would be mediated by increased subsequent adiposity. Two studies have examined the association between birthweight and body composition among middle-aged and elderly subjects in the UK. The first looked at muscle mass (estimated from creatinine excretion in a timed overnight urine collection) and nonmuscle mass among 217 men and women born in Preston in 1935-1943. 35 Birthweight category was positively associated with muscle mass in both men and women. Among men, the mean muscle mass among those born weighing at or below 2.5 kg was 21.9 kg, as compared to 27.1 kg in those weighing more than 3.4 kg at birth (P ¼ 0.04), the equivalent figures for women were 11.9 and 16.1 kg (P ¼ 0.03). Percentage body weight as muscle showed similar trends. However, birthweight was unassociated with nonmuscle mass. In the second study, LBM and fat body mass were measured by dual-energy X-ray absorptiometry (DXA) in 143 70-75-y-old men and women in Sheffield. 41 In an analysis adjusting for age, sex and height, birthweight was positively associated with LBM (Po0.001), but unassociated with total fat mass. On further adjustment for weight, the positive association between birthweight and LBM remained, and there was a significant negative association between birthweight and total fat mass. Three studies have been conducted on young adults. Loos et al 42 performed two studies on 18-34-y-old participants in the Belgian East Flanders Twin Study, one on women and one on men. Among the 415 women, birthweight was positively associated with LBM and negatively associated with sum of SFs, and these associations persisted on adjustment for body weight (Po0.001 in both the cases). Similar results were obtained from the 388 men. 43 In an analysis adjusting for body mass and gestational age, birthweight was positively associated with LBM and negatively associated sum of SFs (Po0.001 in both cases). The third study was on young men in the US. Kahn et al 23 estimated
thigh muscle +bone area and thigh subcutaneous fat area in around 200 subjects by taking measures of thigh circumference and thigh SF thickness. Birthweight was significantly positively associated with thigh muscle + bone area (standardized regression coefficient ¼ 0.22, P ¼ 0.0029), but not with thigh subcutaneous fat area (standardized regression coefficient ¼ 0.13, P ¼ 0.086). Birthweight was significantly positively associated with BMIFthis association remained significant on adjusting for thigh subcutaneous fat area, but lost significance on adjusting for thigh muscle + bone area. Four relevant studies have been conducted on school-age children. In a comparison of 165 case-control pairs of low birthweight and normal birthweight adolescents in Cardiff, UK, the low birthweight cases had a lower BMI than the normal birthweight controls, but there was no significant difference between the cases and controls in TSF or SSSF. 44 This implies that the lower BMI in adolescence of the low birthweight cases resulted from reduced LBM rather than reduced adiposity. In a study of 216 adolescent girls in Southampton UK, birthweight was negatively associated with SSSF and unassociated with TSF on adjusting for BMI. 45 This would imply that at any given level of BMI, those with a higher birthweight had a lower overall adiposity (and thus a higher LBM). Similarly, among 1675 5-11-y-old white and black children in the Third National Health and Nutrition Examination Survey in the US (NHANESIII) sum of SFs was negatively associated with birthweight on controlling for age, sex and BMI (r ¼ À0.014, Po0.05 in white children and r ¼ À0.075, Po0.05 in black children). 46 However, no association between birthweight and percentage body fat was found among 110 9-and 10-y-old Italian children. 39 One study has considered preschool children. Hediger et al 47 looked at arm fat and muscle area in a sample of 4431 children aged 2-47 months from the NHANES III survey in the US. Based on birthweight percentile adjusted for gestation, parity, ethnicity and sex, they classified the children as large-(490th %ile), appropriate-(10-90th) and small-(o10th) for-gestational-age. They measured body weight and calculated midupper-arm muscle and fat areas from mid-upper-arm-circumference and triceps SF thickness. Large for gestational age (LGA) children were heavier from 2 to 47 months. Compared to appropriate for gestational age (AGA) children they had higher arm fat areas from 2 to 47 months (0.24 s.d.'s higher, Po0.01), while small for gestational age (SGA) children had lower arm fat areas than AGA children (0.27 s.d.'s lower, Po 0.01). However, the excess of fatness in the LGA children was smaller than their excess of muscularity, the arm muscle area was 0.43 s.d.'s higher in LGA than AGA children (Po0.001), and 0.45 s.d.'s smaller in SGA than AGA children (Po0.001). There was no difference between the groups in percentage arm fat. This implies that relative fatness did not differ between the LGA, AGA and SGA groups. Only one study has found a positive association between birthweight and subsequent relative adiposity. This was among 602 Mexican-Americans, where there was a positive correlation between birthweight and percentage body fat at age 16-44 y (r ¼ 0.16, Po0.0002).
48
On the whole the studies suggest that there is a positive association between birthweight and subsequent LBM, and a negative association with relative adiposity. However, there is a lack of studies using accurate methods of assessing LBM or fat mass, such as DXA scans or deuterium dilution. These would allow a better estimate to be made of the true strength of these associations.
Is birthweight associated with subsequent fat distribution?
Most of the studies on birthweight and fat distribution have been published in the last 10 y. Unfortunately, none of these Influence of birthweight on adiposity I Rogers et al controlled for fat distribution in the parents. Their interpretation is made difficult by the use of various different measurements of fat distribution, including waist:hip ratio (WHR), waist circumference and various skinfold ratios, the validity of which is disputed, particularly in children. 49 Waist circumference is used primarily as a measure of intraabdominal fat. WHR is often used as an indicator of the ratio of intraabdominal:peripheral fat, with a higher ratio indicating a more abdominal pattern of fat distribution. However, this measure has been criticised, as studies suggest that it correlates poorly with intraabdominal fat 49 and may be highly influenced by other factors such as bony dimensions. 50 The subscapular SF is sometimes used as a measure of truncal fat, and the biceps SF as a measure of peripheral fat. Similarly, the subscapular:triceps skinfolds ratio (STR) may be used as a measure of the ratio of truncal:peripheral fat, with a higher ratio indicating a more truncal pattern of fat distribution. Umbilical and suprailiac SFs (SISF) may also be used as measures of truncal fat, and calf or thigh SFs as measures of peripheral fat. Whether or not adjustment for current weight/BMI has taken place is an important consideration in interpreting these studies, as BMI is positively associated both with birthweight and with a central pattern of fat distribution. Nine studies of the relation between birthweight and fat distribution have included middle-aged or elderly subjects. Two of the earliest used data from men born in Preston from 1935-1943 (n ¼ 239) and men and women born in Hertfordshire from 1920-1930 (n ¼ 845). Among the men in these cohorts WHR was negatively associated with birthweight on allowing for BMI (b ¼ À0.29, 95% CI -0.52 to À0.05 per lb in Hertfordshire sample), and this association was independent of duration of gestation, age, social class, smoking and alcohol consumption. 51 In the Hertfordshire sample, there was a statistically significant interaction between BMI and birthweight, such that the negative effect of birthweight on WHR was stronger among men of a higher BMI. Among 297 women in the Hertfordshire cohort, WHR at age 60-71 y was similar in all birthweight groups in unadjusted analyses, but tended to fall with increasing birthweight on adjusting for BMI (P ¼ 0.07). 20 Kuh et al 52 studied 3200 members of the 1946 British birth cohort at age 43 y. Among men they found that both waist and hip circumference were positively associated with birthweight on adjustment for current BMI, and a slight negative but nonsignificant association of birthweight with WHR on adjusting for BMI (b ¼ À0.37%/kg, P ¼ 0.115). Among women there was a significant negative association between birthweight and WHR on adjustment for BMI, but this was driven more by an increase in hip size at higher birthweights than by a decrease in waist circumference. These results suggest that women of low birthweight were more likely to have a small pelvis than to be at increased risk of abdominal obesity. 42 WHR was unassociated with birthweight in an unadjusted analysis, but significantly negatively associated on adjusting for current weight, falling from 74% among those with a birthweight o2000 to 72.6% among those with a birthweight Z3000 g (P ¼ 0.04). Similar results were obtained from the 388 males in the study 43 FWHR fell by 0.97%/kg increase in birthweight on adjusting for gestational age and current weight.
In a study of 192 young male applicants for military service in Atlanta, birthweight was positively associated with waist circumference on adjusting for race and height, with waist circumference increasing by 3.90 cm for each kilogram increase in birthweight. 23 There was, however, no association between birthweight and the waist:thigh ratio. Two studies in children observed no association between birthweight and fat distribution. Esposito-Del Puente et al 39 studied 110 9-10-y-old children in Naples, Italy, and found no association between birthweight and fat distribution measured by WHR or STR even after adjusting for BMIF birthweight was self-reported in this study. In a study in Cardiff, 165 adolescents who had been term, low birthweight babies (ie o2500 g) were paired with normal birthweight (3000-3800 g) controls, matched for sex, parity, date of birth and gestation. 44 At age 15-16 y, the cases were shorter and lighter than the controls with lower BMI, but there were no differences in triceps or SSSF thicknesses, or in the STR in either boys or girls. No comparison of SF ratios was made after controlling for BMI. In summary, although several studies have found birthweight to be positively associated with waist circumference, there is little evidence for a direct association of birthweight with measures of fat distribution such as WHR or STR. On controlling for current body mass, there is reasonably consistent evidence of a negative association between birthweight and truncal:peripheral skinfold ratios, and rather less consistent evidence of a negative association with WHR. However, the heterogeneity of the subjects studied, the range of different indicators of fat distribution and the generally small sample sizes used make it very difficult to draw any firm conclusions.
Are these associations genetic in origin or a result of programming by the intrauterine environment?
Tracking of relative weight from infancy to adulthood could be a result of programming by the intrauterine environment, but could also be entirely genetic in origin. Various sources of evidence have been used to attempt to distinguish between the environmental and genetic effects on relative weight. The most direct evidence is from studies of identical twins. In addition, several studies have examined how the birthweight/BMI relation is modified by parental BMI. Finally, a number of studies have related various proxy measures of conditions in utero to body habitus in later life.
Twin studies Monozygotic (MZ) twins are genetically identicalFthus any birthweight differences between them must reflect differences in the intrauterine environment. If birthweight differences between the members of an MZ twin pair were associated with adult differences in BMI, this would suggest that the intrauterine environment had a long-term programming effect on subsequent ponderosity.
Allison et al 56 obtained information on birthweight and adult weight and height for 1440 MZ twins pairs in Minnesota, USA. They found that intrapair differences in birthweight were significantly correlated with intrapair differences in adult height (r ¼ 0.316, Po0.0005) and weight East Flanders, Belgium. They looked at intrapair differences in weight, height, BMI, fat distribution, LBM and sum of SF at age 18-34 y according to intrapair differences in birthweight. Differences in birthweight of 5% or more were associated with differences in adult height, although a birthweight difference of at least 15% was required for a significant difference in adult weight. However, intrapair differences in birthweight were not associated with intrapair differences in adult BMI, and on adjusting for adult weight there were also no differences in WHR, LBM or sum of SFs. Baird et al 57 could find no association between intrapair birthweight differences and intrapair differences in adult weight, BMI or WHR among 58 middle-aged MZ twin pairs in Birmingham, although the heavier twin at birth was significantly taller in adulthood.
Only one study has found evidence of significant differences in body composition according to birthweight differences between the members of a MZ twin pair. 43 Among 72
pairs of male MZ twins in the East Flanders Twin Study, there was a significant trend towards increasing differences in adult LBM according to increasing within-pair differences in birthweight which remained significant on adjusting for body mass (P ¼ 0.04). However, there were no significant associations between within-pair differences in birthweight and sum of SFs or WHR on adjusting for body mass. Birthweight differences were also unrelated to differences in adult BMI. In conclusion, MZ twin studies have consistently found that while the heavier twin is taller and heavier in later life, there is no difference in relative weight, adiposity or fat distribution. This suggests that the intrauterine period is a critical period for the development of height, but not overall or central adiposity. There is however some suggestion that the intrauterine period may have an influence on subsequent LBM.
Studies with measurements of parental BMI
Maternal obesity is positively associated with obesity in the offspring. 29, [58] [59] [60] [61] This may occur as a result of transmitted genes, effects of the postnatal environment and possibly through effects of the intrauterine environment. Paternal obesity is also associated with offspring obesity, 29, 60, 61 although this can only occur through transmitted genes and effects of the postnatal environment. Furthermore, maternal BMI is associated with birthweight. 62, 63 It is possible that paternal BMI may also be associated with birth weight, although published evidence on this is hard to find. If an effect of birthweight on subsequent obesity was found, which was independent of maternal and paternal BMI, this would suggest that there was some enduring effect of the intrauterine environment on adult relative weight. Two US studies on young adults/adolescents found that the association of birthweight with subsequent obesity was entirely explained by parental BMI. Frisancho et al 64 used data collected on 1993 White subjects for whom measures of age, height, weight and triceps SF thickness were available at age 15-17 y. The same measurements were also taken from their mothers at the same time, and measures of height and weight had been taken from most of the fathers when the subjects were 5 y of age. The adolescents were classified as SGA (o10th percentile), AGA (10-90th percentile) or LGA (490th percentile). Mothers were classified as low or high BMI and lean or fat, according to whether they were above or below the 50th percentile for BMI and triceps skinfold thickness, respectively. It was found that within each birthweight category, maternal BMI or SF thickness was significantly associated with adolescent measurements, that is, the children of fatter or heavier mothers were themselves fatter or heavier, while within maternal BMI categories, birthweight category was unassociated with adolescent measurements. In multiple regression analysis, both maternal and paternal BMI were significant predictors of adolescent BMI, while birthweight was not. Similarly, Stettler et al studied African-American subjects (n ¼ 447) who were measured at around 20 y of age. SF z-scores at age 20 were significantly positively associated with birthweight for gestational age in unadjusted analyses. However, in multivariate analyses the only factors associated with increased adiposity were female sex, first-born status and maternal prepregnancy BMI (all positively associated). 65 An analysis of data from the 1958 British birth cohort also suggested that the birthweight BMI relation was largely explained by maternal BMI. In this study, birthweight was significantly associated with BMI at age 33 y, with a J-shaped relation, but on adjusting for self-reported maternal prepregnancy BMI, the relation was considerably attenuated and no longer statistically significant. 21 The Nurses' Health Study in the US is the only study including middle-aged subjects, which has attempted to assess the contribution of parental overweight to the birthweight obesity relation. 19 Among this large group of women (n ¼ 71 100), birthweight was associated with BMI quintile in adulthood independently of maternal BMI. However, maternal BMI was crudely assessed, by asking the subjects to select which of nine drawings most closely resemble their mother's figure at age 50 y. Studies in children have tended to find that birthweight is associated with subsequent obesity independently of parental BMI. Duran-Tauleria et al 66 analysed data from the National Study of Health and Growth in the UK. They measured height, weight, triceps and SSSF thickness for 8374 children aged 5-11 y, and also had information on birthweight, parental BMI and a variety of sociodemographic factors. In multivariate analysis, age and sex-adjusted weight-for-height z-score was significantly positively
Influence of birthweight on adiposity I Rogers et al associated with birthweight, independent of mother's and father's BMI. The results were similar for SF thicknesses, and for risk of overweight (defined as weight-for-height or SF thicknesses in the top quartile). The adjusted OR (95% CI) for overweight in the highest vs the lowest quartile of birthweight was 1.73 (1.50-2.01). Similarly, in a study of 1363 children aged 4-12 y in Italy, birthweight was significantly associated with the prevalence of obesity, even when parental BMI (and other significant factors such as parental education) had been accounted for. 67 Among girls there was a significant interaction between maternal BMI and birthweight in determining the risk of obesityFthe effect of maternal BMI was greater in the lowest two tertiles of birthweight. In a study in Japan, high birthweight (ie 43500 g) was associated with an increased risk of obesity (BMI 418 kg m
À2
) at age 3 y, independent of parental BMI (OR (95% CI 1.76 (1.15-2.69). 68 Similarly, among 261 1-5 yold Mescalero children in New Mexico, the OR for obesity (weight-for-height 495th percentile) among children with a birthweight greater than 4000 g (compared to 2000-2999 g) was 4.4 (95% CI 1.3-15.4) even after adjusting for age, sex and maternal obesity (obtained from medical records of her nonpregnant weight and height). 69 There was some indication in the National Study of Health and Growth data 66 that the effect of birthweight on weightfor-height diminished with age -this might explain why the studies in children have found an independent effect of birthweight over parental BMI on risk of obesity, while most of the studies in adults have not. This contrasts with the amplification with age seen in another 'programmed' relations, for example, the birthweight-blood pressure relation, which becomes stronger over time. 70 Alternatively, the relation may be an artefact of the relative accuracy of measurement of birthweight and parental BMI. In all of these studies, birthweight was either obtained from medical records or measured by the investigators, while parental BMI was generally self-reported. Thus, in most studies the strength of the relation between parental BMI and obesity has probably been underestimated, and it is possible that the apparent relation with birthweight is the result of residual confounding by parental BMI. In the only study in which parental weight and height were actually measured, parental BMI completely explained the association of birthweight with obesity. 64 Consideration should also be given to the appropriate age for measuring parental BMI, as measurements have been made at a wide range of ages.
In conclusion, it appears that the association of birthweight with BMI in adulthood is almost entirely explained by parental BMI, although in children there is some evidence of an independent relation between birthweight and BMI.
Studies with proxy measurements of the intra-uterine environment Stern et al 48 attempted to distinguish between genetic effects and effects of the intrauterine environment, by partitioning the phenotypic correlations of birthweight with subsequent BMI and fat distribution into familial and nonfamilial components. This was carried out by collecting information on birthweight and adult height, weight, percentage body fat by bioimpedance and SF thicknesses from 602 subjects in 65 extended families. The phenotypic correlations between birthweight and BMI, waist circumference and percentage body fat were all positive and significant. The familial correlations were also positive and significant (except for BMI, where P ¼ 0.114), suggesting that genetic influences tending to increase birthweight also tended to increase waist circumference and adiposity. The environmental correlations were considerably weaker and nonsignificant. There was, however, some evidence that intrauterine environment might affect subsequent fat distribution. Although the overall phenotypic correlation between birthweight and STR was nonsignificant, the environmental correlation was significant and negative (r ¼ À0.29, P ¼ 0.041). This suggests that environmental influences acting to reduce birthweight might result in a more central pattern of fat distribution in later life. Two studies have used data on men and women born during and after the Dutch famine of 1944-1945. This welldefined period of deprivation has been important in providing a possible measurement of the effect of intrauterine malnutrition, as the official daily rations during the 4-5 months of the famine were reduced to around 400-800 kcal/ day. The first study looked at the prevalence of obesity at age 19 y (defined as weight-for-height greater than 120% of an external standard) in around 95 000 Dutch men born in western Holland between 1944 and 1947, and around 210 000 controls born over the same period in parts of Holland that did not experience famine. 71 They found that those who were exposed to famine in utero during the first half of pregnancy had a higher prevalence of obesity (2.8 vs 1.5%), whereas those exposed to famine during the third trimester of pregnancy and/or the early postnatal period had a lower prevalence of obesity (0.8 vs 1.3%) than the controls. The authors suggested that exposure to famine in the first half of pregnancy might affect the differentiation of hypothalamic centers regulating food intake and growth, while exposure in the second half of pregnancy might affect a period of adipocyte regulation and rapid increases in body fat.
The second study re-examined some of the same men at age 50 y, and also included women born during the same period. 72 The sample was 741 men and women born in the University Hospital in Amsterdam between 1944 and 1947. These were divided into those born after the famine and not exposed in utero (controls), and those exposed in early, middle and late gestation. Among men, there was no detectable effect of exposure to famine in utero on obesity or fat distribution at this age. Among women, however, BMI and waist circumference were higher among those exposed to famine in early gestation as compared to nonexposed subjects. This effect was independent of a number of
Influence of birthweight on adiposity I Rogers et al confounding variables including maternal age, parity, weight at end of pregnancy, socioeconomic status at birth and current education. After adjusting for potential confounders, BMI differed by 8.8% (95% CI 2.0-16.0%) and waist circumference by 6.3% (95% CI 1.7-10.9%) in those exposed to famine in early gestation compared to nonexposed participants, although on further adjusting the difference in waist circumference for BMI, it became nonsignificant. However, there was no difference in birthweight between those exposed to famine in early gestation and nonexposed participants. Exposure to famine in mid or late gestation was associated with lower birthweight and birth length, but no differences in BMI or waist circumference at 50 y of age. Stanner et al 73 performed a similar study using subjects then in their 50s born shortly before and during the siege of Leningrad in 1941-1944, when energy intakes fell for several months to around 300 kcals/day. They compared men and women who were exposed to famine in utero (born at least 54 days after the start of the siege), exposed in infancy (born at least 10 weeks before the start of the siege), and born outside Leningrad at the same time and therefore unexposed to the famine. In this study, no differentiation was made between groups exposed to famine at different stages of gestation. There was no difference in BMI or WHR between the groups, despite evidence of substantially lower birthweights among those exposed to famine in utero. STR differed significantly between the groups among women only, and was highest in the group exposed in utero, and lowest in the unexposed group (Po0.05). However, it is unsure what relevance results from the Dutch Famine or the siege of Leningrad have to the normal range of dietary intakes likely to be experienced during pregnancy in developed countries. There is also a possibility of selection effects, since women who completed a term pregnancy under famine conditions were likely to differ from those who aborted or did not become pregnant. Studies of the offspring of diabetic women have also been used to provide evidence for the critical period hypothesis, as the offspring of diabetic women are exposed to intrauterine overnutrition as a result of hyperglycaemia, and generally born macrosomic. Pettitt et al 74 studied the incidence of obesity from 5 to 19 y of age in the offspring of Pima Indian womenFthis is a group with an exceptionally high incidence of diabetes. They compared the incidence of obesity in the children of women who were nondiabetic, diabetic (ie diabetic in third trimester of pregnancy, and possibly prior to that also), or prediabetic (nondiabetic during pregnancy, but developing diabetes subsequently). Obesity was defined as a weight of more than 140% of the 50th percentile of weight-for-height based on American growth standards. The offspring of diabetic mothers were considerably more likely to be obese than the offspring of nondiabetics and prediabetics, regardless of maternal BMI (Po0.0005). At 15-19 y of age, 58% of the offspring of diabetic mothers were obese, compared to 17% of the offspring of nondiabetics and 25% of the offspring of prediabetics. Childhood and maternal obesity were correlated, except among the offspring of diabetic mothers, where the effect of maternal BMI seemed to be masked by the effects of gestational diabetes. This might suggest that the higher prevalence of obesity in the offspring of diabetics was the product of an altered intrauterine environment, rather than of inherited genes for obesity. However, it is unclear how far results from diabetic mothers are generalizable to other groups. Weight gain during pregnancy could be viewed as a proxy for nutrient availability to the foetus during the intrauterine period, and indeed, pregnancy weight gain is correlated with weight and SF thickness at birth. A few studies have related pregnancy weight gain to obesity in later life. Among nearly 2000 children in Minnesota, 27 pregnancy weight gain was no different between the mothers of children who were very obese (weight-for-height Z95th percentile) and very slender (weight-for-height r5th percentile) at 4 or 7 y, although it was related to weight-for-length at birth. It was not stated how information on pregnancy weight gain was obtained. In a study of 447 African American subjects, 65 pregnancy weight gain was obtained from measured maternal weight at admission for delivery, and reported prepregnancy weight. Maternal pregnancy weight gain was unassociated with SF thicknesses at around 20 y in an analysis that allowed for the effects of sex, birthweight for gestational age, placental weight, first-born status, maternal prepregnancy BMI, maternal education and household composition. In a study of 1363 4-12 y-olds in Italy, there was no association between pregnancy weight gain and obesity in the offspring in either univariate or multivariate analysis. 67 In a smaller study of 110 Italian 10-11 y-olds, a negative association was found between BMI or percentage body fat and self-reported pregnancy weight gain 39 Fthis is contrary to the theory that overnutrition in utero should result in increased relative weight in later life. Ong et al 75 examined the relation between catch-up growth from zero to 2 y and anthropometry at 5 y of age among 848 full-term singleton infants in the UK. They defined catch-up growth as an increase in weight s.d. score of more than 0.67 between birth and 2 y. Children who showed catch-up growth were lighter, shorter and thinner at birth than children who did not change between 0 and 2 y or those who showed catch-down growth. However, by 5 y of age, the 'catch-up' children were heavier and taller than other children, with a greater BMI, fat mass and percentage body fat (determined from SF measurements) and a higher waist circumference (Po0.0005). The difference in waist circumference persisted on adjustment for BMI or fat mass. The direct associations between birthweight and anthropometry at age 5 y were not given in this paper. (Maternal self-reported pre-pregnancy BMI did not differ between catch-up, no change and catch-down groups, but the influence of paternal BMI was not investigated. In addition, no adjustment was made for socioeconomic status.) This study is of interest, as it is possible that if children show catch-up growth in the first 2 y of life then their foetal
Influence of birthweight on adiposity I Rogers et al growth may have been maternally restrained. The results of this study would then suggest that maternal restraint of foetal growth is associated with a subsequently increased BMI and fat mass, and a more central pattern of fat distribution. However, a low birthweight for maternal height could also be seen as a possible marker of intrauterine growth retardation. In the Parsons et al 21 analysis of data from the 1958 birth cohort study, the positive relation between birthweight and BMI at age 33 y was unaffected by adjustment for maternal height, which would suggest that constrained foetal growth was unrelated to adult obesity. One study used fingerprints as a marker of foetal growth patterns. 76 The dermal ridges which make up the fingerprint are formed during gestational weeks 12-19, and each fingerprint is related neurologically to a spinal cord segment. Kahn et al 76 speculated that a ridge count difference between fingers might reflect relative inhibition of caudal growth that could result in a tissue distribution favouring the upper body in later life. They measured fingerprint ridge counts and waist:thigh ratio in 69 young men in Atlanta, Georgia. The ridge count difference between the right fourth and fifth fingertips was associated with the waist:thigh ratio (r ¼ 0.36, P ¼ 0.003). The authors concluded that this reflected an effect of foetal exposure in early pregnancy on subsequent tissue distribution. However, a large number of statistical tests were performed in this study to obtain one significant result F the difference in dermal ridge counts was calculated for each pair of fingertips for each hand (20 pairs in total). Smoking during pregnancy results in lowered birthweight and could be considered to represent an intrauterine environmental insult. The largest study and the one with the longest follow-up used data on subjects from the 1958 British birth cohort gathered at ages 7, 11, 16, 23 and 33 y (n ¼ 11 405 at 33). The OR of obesity (BMI490th percentile) was increased among the offspring of smokers, even on adjusting for a number of covariates including birth weight, parental BMI, parity, infant feeding, social class and educational level (OR(95% CI) at 33 y 1.55(1.19-2.00) in male subjects, and 1.45(1.13-1.87) in female subjects). 77 The OR of obesity associated with maternal smoking appeared to increase with age, and with the number of cigarettes smoked. Among around 800 9-y-old children in Dunedin, New Zealand, maternal smoking was associated with higher BMI, 78 even after adjusting for birthweight and maternal height and socioeconomic status, although this association had disappeared by 18 y, and among 1708 6-y-olds in Australia BMI was significantly higher among the children of smokers. 79 One study by Vik et al 80 compared adiposity as assessed by SF thickness at birth and 5 y in the children of 127 smokers and 236 nonsmokers. Smokers' children had significantly lower triceps and subscapular skinfold thicknesses at birth, but higher SF thicknesses at 5 years, while arm circumference at 5 y did not differ between the children of smokers and nonsmokers, implying a higher adiposity in smokers' children. Von Kries et al 81 looked at obesity prevalence according to maternal smoking in pregnancy among 6483 5-and 6-y-old German children. The prevalence of obesity (BMI 497th percentile) and overweight (BMI 490th percentile) increased with the number of cigarettes smoked during pregnancy from 8.1% in the offspring of women who had never smoked to 14.1% in the children of women smoking less than 10 cigarettes a day, and 17.0% among those smoking 10 or more cigarettes per day. The OR (95% CI) of obesity associated with maternal smoking in pregnancy was 2.06 (1.31, 3.23) in an analysis adjusting for a wide range of sociodemographic and lifestyle confounders. Unfortunately, none of these studies included a detailed assessment of diet, which has been shown to differ between the children of smokers and nonsmokers, independent of socioeconomic status, 82, 83 physical activity levels have also been shown to be lower in the children of smokers. 84 In conclusion, there is some evidence that exposure to smoking or extreme nutritional conditions in utero such as diabetes or famine may have some effect on subsequent obesity. However, there is currently little to suggest that markers of a normal range of intrauterine conditions, such as pregnancy weight gain or birth weight adjusted for maternal size, are associated with subsequent adiposity. The foetal origins hypothesis suggests that the stage of pregnancy at which an exposure occurs may be important. As yet very few studies have attempted to obtain proxy measures of intrauterine conditions at different stages of gestation (eg dietary intakes or weight gain in each trimester of pregnancy). This may account for the inconsistency of results so far.
Role of postnatal environment in associations between birthweight and intrauterine factors and subsequent body habitus It is of course possible that any associations between birthweight and subsequent body habitus might be mediated by birthweight-associated differences in the postnatal environment. Controlling for socioeconomic status is likely to account for many of these differences; however, it is possible that some may remain. For example, Stafford and Lucas 85 have suggested that low birthweight may be associated with an elevated fat intake in later life, and as mentioned above, maternal smoking is associated both with low birth weight and with dietary differences 82, 83 and reduced physical activity in the offspring 84 independent of socioeconomic status. Very few of the studies have attempted to control for physical activity levels, which are in any case notoriously difficult to measure. Twin studies would be of use in attempting to unpick the role of postnatal environment, as this will be extremely similar for the two members of a twin pair. However, they would be of no use for any differences in postnatal environment that are themselves a result of birthweight differences, for example, the possible 'feeding up' of the smaller baby.
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Conclusions
There is good evidence that birthweight is positively associated with subsequent ponderosity in children and young adults, although more studies of this relation in middle-age subjects are required. It is uncertain how far these associations are accounted for by changes in LBM rather than fat mass. Overall, the evidence suggests that although birthweight is positively associated with BMI it is not necessarily associated with increased adiposity, and at higher birthweights subsequent adiposity may actually be reduced. More studies are needed which relate good measures of LBM to birthweight. There is some evidence that lower birthweight is associated with a more central pattern of fat distribution. Interpretation is difficult because of uncertainty about the meaning of the various different measures of fat distribution. More studies are needed using objective measures of fat distribution such as DXA scans. None of the studies have adjusted for measures of fat distribution in the parents. It is possible that low birthweight and a central pattern of fat distribution may be genetically associated.
There is as yet no good evidence that any associations between birthweight and subsequent weight or fat distribution are the result of intrauterine programming. The results of MZ twin studies would suggest that environmentally determined differences in birthweight are unrelated to differences in later BMI. It would be useful to compare more measures of fat distribution in MZ twin pairs according to intrapair differences in birthweightFno association with WHR was found in the two studies that examined this, but this index of fat distribution has many shortcomings. It remains unclear how far the association between birthweight and subsequent relative weight is independent of parental BMI. The fact that an association with birthweight remains on adjusting for parental BMI in some studies might just reflect the relative degree of accuracy with which birthweight and parental BMI have been measured. Studies are needed in which actual measurements of BMI have been made in both parents rather than relying on self-reported data.
The most convincing evidence for an effect of intrauterine environment on subsequent body habitus is from studies of the Dutch famine and the children of diabetics, and it is hard to know whether these results can be generalized to other groups. There is also quite consistent evidence that children of smokers are prone to obesity in later life, but this association may well be the result of confounding by postnatal environment. The results of the study of catchup growth and subsequent anthropometry are interesting, and need to be repeated.
